INTRODUCTION
is one of the most commonly used herbicides in the United States (" Atrazine," 2019; Fakhouri, Nuñez, & Trail, 2010) (Figure 1 ). This herbicide is used extensively in the Midwest region of the United States in order to prevent the growth of grassy weeds and broadleaf plants in certain crops (Wirbisky et al., 2015) . Because of its widespread use, atrazine has appeared in drinking water sources often at concentrations above the maximum contaminant level (MCL) of 3 parts per billion (µg/l) set by the U.S. Environmental Protection Agency (EPA) (Gilliom, Geological Survey, & National Water-Quality Assessment Program, 2006; Thurman, Goolsby, Meyer, & Kolpin, 1991) . In 2004, the European Union banned the use of atrazine due to risk of environmental contamination (European Commission, 2013) . Furthermore, atrazine is a possible endocrine disrupting chemical (Wirbisky et al., 2016) . Nanomaterial-Agrichemical Interactions of parallel graphene layers that have a thickness of less than 100 nm (Chen et al., 2012) .
MATERIALS AND METHODS

Atrazine Binding Experimental Methods
For the atrazine binding experiment, different mixtures of GNPs and atrazine were first prepared in glass vials as shown in Table 1 . An atrazine solution (CAS 1912-24-9 , Chem Service, West Chester, PA) of 6 ppb (µg/L) was made by diluting a 10,000 ppb atrazine stock solution with deionized water using appropriate volumes and concentrations determined using the equation M 1 V 1 = M 2 V 2 . Initially, the GNP solutions were created at double the desired final concentration (1, 2, 4, and 6 mg/ml). Next, 1.5 ml of the atrazine solution and 1.5 ml of the appropriate GNP solution were combined in order to have a final volume of 3 ml in each glass vial ( Figure 4 ). As a result, the concentration of atrazine became 3 ppb, and the concentrations of GNPs became 0.5, 1, 2, or 3 mg/ml in the glass vials. The samples were incubated Glyphosate, a herbicide used to kill broadleaf plants and grasses, is the most commonly used herbicide in the United States ("Glyphosate," 2019) ( Figure 2 ). Exposure to glyphosate can occur when using the herbicide itself or in drinking water ("Glyphosate," 2019) . The EPA set the MCL at 700 ppb in drinking water ("National primary," 1995) . There is some question as to whether exposure to glyphosate can lead to developmental, reproductive, and carcinogenic effects among biological organisms ("Toxicological summary," 2017).
Nanoparticles are synthesized materials where at least one dimension is less than 100 nm (Khan, Saeed, & Khan, 2017; Laurent et al., 2008) . Nanotechnology itself is a booming business worth up to trillions of dollars in various sectors such as chemistry, electronics, and medicine (Chakraborty, Sharma, Sharma, & Lee, 2016) . Nanoparticles are also common in everyday products such as paint, food, and cosmetics (Sajid et al., 2014) .
Graphene is a crystalline form of carbon where the atoms are arranged in a hexagonal pattern (Park et al., 2014) (Figure 3 ). Graphene is strong and lightweight and is known to conduct electricity and heat (Park et al., 2014) . Since its discovery, graphene has been applied for various purposes such as energy storage, biosensors, biomedicine, and electronics (Park et al., 2014) . Graphene itself has the potential to be used for environmental remediation purposes (Amir et al., 2016) . Specifically, graphene has a high adsorption capacity for pollutants found in air and water due to the presence of strong π-π interactions (a noncovalent interaction) (Wang, Sun, Ang, & Tadé, 2013) . Furthermore, the efficacy of graphene could be due to its large surface area (Wang et al., 2013) . Graphene nanoplatelets (GNPs) themselves are stacks at room temperature for 24 hours on a rotating apparatus. Each sample from the glass vials was then transferred to a Falcon tube, and all the tubes were centrifuged for 20 minutes at 4,000 rpm and 28 degrees Celsius. Afterward, 1.2 ml of the supernatant was removed from each Falcon tube and placed in labeled microcentrifuge tubes. The microcentrifuge tubes were centrifuged for 30 minutes at 15,000 rpm and 28 degrees Celsius. Next, 400 µl of the supernatant was removed from each microcentrifuge tube and placed in a new microcentrifuge tube to be stored in the refrigerator at 4 degrees Celsius until analysis. The Abraxis Atrazine ELISA assay was performed following manufacturer recommendations. Absorbance values at 450 nm were obtained using a Nanodrop. A standard curve was created to determine the concentrations of unbound atrazine in the samples. A subtractive method was then used to calculate the percent of atrazine bound to the GNPs. Statistical analysis was carried out using One-way analysis of variance (ANOVA) with a Tukey's post hoc test (α < 0.05).
Atrazine Dissociation Experimental Methods
Dissociation experiments were carried out to determine the strength of the bond between atrazine and GNPs, specifically the nonfunctionalized GNPs (N-GNPs). First, the appropriate solutions were created in glass vials: (1) 3 ppb atrazine, no GNPs, and (2) 3 ppb atrazine, 2 mg/ml of N-GNPs. An atrazine solution at 6 ppb was prepared as described above. The GNP solutions were made at 4 mg/ml. In order to get a final volume of 3 ml of each solution in Step 1 involves creating different samples in glass vials and incubating them for 24 hours on a rotating apparatus.
Step 2 involves centrifuging the samples and removing the supernatant twice.
Step 3 involves assessing the supernatant for unbound atrazine and glyphosate using the Abraxis atrazine and glyphosate ELISA assays, respectively.
the glass vials, 1.5 ml of the atrazine solution and 1.5 ml of the GNP solution (or 1.5 ml of deionized (DI) water if no GNPs were added) were added into each glass vial. As a result, the final concentrations of the solutions became 3 ppb atrazine and 2 mg/ ml GNPs (if GNPs were added). All mixtures were vortexed, incubated, and centrifuged using the same steps that were followed in the atrazine binding experimental methods with the supernatant samples (referred to as Set 1). Further specific to this experiment, remaining GNP pellets were dispersed in 2 ml of DI water. Samples were centrifuged for 20 minutes at 5,000 rpm and 28 degrees Celsius, and the supernatant was removed. This step was repeated and then GNPs resuspended in fresh 3 ml of DI water by vortexing for at least 15 seconds and pipetting up and down. Samples were then incubated at room temperature on the rotating apparatus for 24 hours. Following incubation, centrifugation was repeated and 1.4 ml of supernatant removed from each tube and centrifuged for 15 minutes at 15,000 rpm in a new tube. Next, 400 µl of supernatant was transferred to a new tube (considered as Set 2). Atrazine concentration of each sample was determined using the Abraxis Atrazine ELISA assay following manufacturer recommendations. A subtractive method was used to determine the percent atrazine bound to the GNPs. Statistical analysis was carried out using a t-test to compare Sets 1 and 2 (α < 0.05).
Atrazine and Glyphosate Binding Experimental Methods
For the second binding experiment, different treatments of N-GNPs, glyphosate (CAS 1071-83-6, West Chester, PA), and atrazine were first prepared in glass vials (Table 2 ; see Figure 4 ). An atrazine solution of 9 ppb was prepared similar to what was described above. A glyphosate solution was prepared at 2,100 ppb. The GNP solutions were created at 3 mg/ml. Next, 1 ml of each solution (atrazine + glyphosate + GNPs) was combined in order to have a final volume of 3 ml in each glass vial ( Table 2) . As a result, the concentration of atrazine became 3 ppb, glyphosate 700 ppb, and N-GNPs 1 mg/ml. The samples were incubated at room temperature for 24 hours on a rotating apparatus, transferred to a Falcon tube, and centrifuged for 20 minutes at 4,000 rpm and 28 degrees Celsius. Next, 1.0 ml of the supernatant was removed and placed in a microcentrifuge tube. Tubes were centrifuged for 30 minutes at 15,000 rpm and 28 degrees Celsius. Then, 400 µl of the supernatant was removed, placed in a new tube, and stored in the refrigerator until analysis. Atrazine and glyphosate concentrations were determined using the Abraxis Atrazine ELISA or the Abraxis Glyphosate of GNPs increased, the percent of atrazine bound increased as well until there was a plateau at 2-3 mg/ml GNPs. Furthermore, the results showed that both the carboxylated and aminylated GNPs at all concentrations were statistically different from the N-GNPs, indicating that the N-GNPs bound most efficiently to atrazine (p < 0.05).
Atrazine Dissociation Experiment
The atrazine ELISA assay detected the concentration of unbound atrazine present in the supernatant from Set 1 and Set 2; therefore, the subtractive method was implemented again in order to determine the percent of atrazine bound to the N-GNPs ( Figure  6 ). After graphing the results from the dissociation experiment, it was determined that both bars were not statistically different from each other; thus, almost all of the atrazine remained bound to the N-GNPs after resuspension in deionized water (p > 0.05).
ELISA assay, respectively, following manufacturer protocols. Statistical analysis was carried out using a one-way ANOVA with a Dunnett's multiple comparison test (α < 0.05).
RESULTS
Atrazine Binding Experiment
In the atrazine binding experiment, a subtractive method was implemented in order to find the percent of atrazine bound to the different GNPs since the assay detected the unbound atrazine left in the supernatant. After subtracting the amount of atrazine present in the supernatant from the total amount of atrazine in each mixture, it was possible to determine the actual percent of atrazine bound to the GNPs (Figure 5 ). After graphing the results, it was found that all the GNPs at 3 mg/ml were not statistically different from the previous dose of 2 mg/ ml (p > 0.05); this means that as the concentration high surface area allows it to attach to contaminants and be chemically modified (Sweetman et al., 2017) . These qualities make graphene an attractive option for water purification purposes (Sweetman et al., 2017) . Current research has focused on the possibility of graphene being used in the form of size exclusion filtration membranes (Sweetman et al., 2017) . Furthermore, graphene is typically chemically converted into graphene oxide, which integrates a hydrophilic nature to the nanoparticles, thereby increasing water flow through the graphene oxide nanoparticles (Sweetman et al., 2017) . Research shows that graphene oxide membranes have the ability to filter organic compounds of various sizes (Sweetman et al., 2017) .
Data from the first binding experiment showed that as the concentration of the GNPs increased, the percent of atrazine bound increased as well until it plateaued at 2-3 mg/ml GNPs. Furthermore, the N-GNPs bound more to atrazine than the other functionalized GNPs. Results from the dissociation experiment showed that almost all of the atrazine remained bound to the N-GNPs. Therefore, the N-GNPs appear to be the most effective kind of
Atrazine and Glyphosate Binding Experiment
The second binding experiment tested whether glyphosate would bind to GNPs and whether an interaction would occur in a mixture of atrazine and glyphosate. The concentration of atrazine in the GNPs-only mixture was near zero and statistically different from the ATZ-only mixture, indicating that the GNPs did not interfere in the atrazine assay ( Figure 7a) ; this same concept applies to the GLY-only and the GNP + GLY mixtures. Both the GNP + ATZ and GNP + ATZ + GLY mixtures were statistically different from the ATZ-only mixture (p < 0.05), indicating that there was less atrazine detected in the supernatant of the first two mixtures mentioned. Thus, some of the atrazine from the first two mixtures had bound to the N-GNPs. More importantly, both the GNP + ATZ and the GNP + ATZ + GLY mixtures were not statistically different from each other (p > 0.05), indicating that the presence of glyphosate does not interfere with the binding between atrazine and the N-GNPs.
In the glyphosate ELISA assay, the concentration of glyphosate in the three mixtures with GNPs only, ATZ only, and GNP + ATZ were all near zero and statistically different from the GLY-only mixture (p < 0.05), indicating that the assay did not detect a significant amount of glyphosate in their supernatants (Figure 7b ). However, the mixtures with GNP + GLY and GNP + ATZ + GLY were not statistically different from the GLY-only mixture (p > 0.05), indicating that these two mixtures had a significant amount of glyphosate detected in the supernatant. Furthermore, the glyphosate in these two mixtures did not bind to the GNPs.
DISCUSSION
Atrazine and glyphosate are heavily used agricultural herbicides in the United States (Fakhouri et al., 2010; "Glyphosate," 2019) . Both herbicides are detected in drinking water at varying levels, thus posing a potential risk for human exposure (Gilliom et al., 2006; Thurman et al., 1991; "Glyphosate," 2019) . The EPA is responsible for regulating many pesticides in the United States ("About pesticide," 2018). In terms of risks, atrazine and glyphosate are possibly linked to endocrine, developmental, reproductive, and/ or carcinogenic effects ("Toxicological summary," 2017; Wirbisky et al., 2016) . As a result, there is a need to develop ways to remediate or clean up atrazine and glyphosate contamination in drinking water sources. Current literature indicates that GNPs could potentially be applied for environmental remediation purposes (Amir et al., 2016) . Graphene's GNP in terms of binding to atrazine. This indicates that these nanoparticles may possibly be a mode of capturing atrazine present in drinking water.
Data from the second binding experiment showed that the N-GNPs still bound to atrazine even in the presence of glyphosate, indicating that glyphosate did not interfere in the binding between atrazine and the N-GNPs. Furthermore, the N-GNPs did not bind to glyphosate. Overall, the data indicates that there is a possibility that GNPs are attracted to aromatic ring structures. This is important in informing researchers that the N-GNPs can best target and bind to herbicides with aromatic rings (such as atrazine) found in the environment, specifically in drinking water sources for remediation.
